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To determine the influence of proximal right coronary
artery disease and right ventricular afterload on right
ventricular ejection fraction response to exercise, 64 pa-
tients were studied at rest and after supine exercise with
gated equilibrium radionuclide angiography and coro-
nary angiography. Right ventricular afterload response
to exercise was estimated from determinations of exer·
cise-induced changes in pulmonary blood volume, pre-
viously shown to correlate with exercise-induced changes
in pulmonary capillary wedge pressure. Values for right
ventricular ejection fraction decreased from rest to ex-
ercise (48 ± 5% to 42 ± 9%, p < 0.001) in patients
with an elevated pulmonary blood volume ratio, but
increased from 48 ± 5% to 54 ± 6% (p < 0.001) in
patients with a normal pulmonary blood volume ratio.
Values were unchanged in patients with isolated proxi-
mal right coronary artery disease (rest 49 ± 3%, ex-
ercise 47 ± 7%), decreased in patients with combined
right and left coronary disease (rest 48 ± 6%, exercise
39 ± 10%, P < 0.001) and increased (rest 47 ± 5%,
exercise 52 ± 6%, P < 0.001) in patients with isolated
left coronary artery disease.
Recent studies (1-3) have demonstrated that the right ven-
tricular ejection fraction response to exercise may be abo
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To determine the coinfluence of coronary anatomy
and changes in pulmonary blood volume, patients were
classified by pulmonary blood volume ratio. Among pa-
tients with a normal pulmonary blood volume ratio, right
ventricular ejection fraction did not change significantly
in those with proximal right coronary artery disease
during exercise, but increased significantly in patients
with iSOlated left coronary disease. Among patients with
an elevated pulmonary blood volume ratio, right ven-
tricular ejection fraction during exercise increased sig-
nificantly in those with proximal right coronary artery
disease but was unchanged in patients with isolated left
coronary disease.
Thus, the right ventricular ejection fraction response
to exercise appears to be influenced by both patency of
the right ventricular coronary blood supply and by ex-
ercise-induced changes in pulmonary blood volume, which
reflect increases in pulmonary capillary wedge pressure
and thus right ventricular afterload. The effects of these
two factors on right ventricular ejection fraction appear
to be additive.
normal in patients with proximal right coronary artery dis-
ease. Because the right coronary artery is the primary blood
supply of the right ventricle, significant obstruction of this
vessel would be expected to result in exercise-induced right
ventricular dysfunction. However, factors influencing right
ventricular function during exercise in patients with coro-
nary artery disease appear to be more complex. Berger
et al. (4) reported that reduced right ventricular reserve
during exercise in patients with coronary artery disease is
primarily related to associated left ventricular dysfunction.
They suggested that elevated right ventricular afterload caused
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Methods
'Va1ues are mean ± 1 standard deviation.
BP = blood pressure; CAD = coronary artery disease; HR = heart
rate; MI = myocardial infarction.
Patients. Sixty-four consecutive patients underwent both
coronary angiography and supine exercise multigated equi-
librium cardiac blood pool imaging for the evaluation of
chest pain (Table 1). No patient had a history of previous
right ventricular infarction and none had valvular or con-
genital heart disease, electrocardiographic evidence of either
right or left ventricular hypertrophy, acute or chronic lung
disease or evidence of congestive heart failure on the basis
of a careful history, physical examination and chest X-ray
film. Formal pulmonary function testing was not performed.
by left ventricular dysfunction and associated increases in
pulmonary artery pressures was an important cause of ex-
ercise-induced right ventricular dysfunction in these pa-
tients. However, the relative influence of right ventricular
blood supply and right ventricular afterload on right ven-
tricular systolic performance during exercise has not been
clearly defined.
Recent studies have shown that directional changes in
pulmonary blood volume induced by exercise can be mea-
sured on routine equilibrium gated blood pool cardiac stud-
ies (5) and that these changes reflect exercise-induced changes
in pulmonary capillary wedge pressure (6). Thus, measure-
ment of changes in pulmonary blood volume can serve as
a noninvasive indicator of changes in right ventricular af-
terload. Because increases in pulmonary blood volume and
pulmonary wedge pressure during exercise may occur de-
spite a normal increase in left ventricular ejection fraction
(6), such measurements may more accurately reflect right
ventricular afterload than changes in left ventricular ejection
fraction. This study was undertaken to determine the influ-
ence of both changes in right ventricular afterload (as in-
dicated by changes in pulmonary blood volume) and the
presence of proximal right coronary disease on the right
ventricular ejection fraction response to exercise.
In 45 patients, right heart catheterization was performed.
Pulmonary artery pressures were normal in 42 patients and
were elevated in 3 patients in association with elevated
pulmonary capillary wedge pressures.
All patients underwent selective coronary angiography.
Significant coronary artery disease was considered present
when there was at least one stenosis producing a reduction
in luminal diameter of 50% or more in two projections. Ten
patients had no significant stenoses and served as control
subjects. Nine patients had isolated proximal right coronary
artery disease, which was defined as significant disease
proximal to the origin of the acute marginal artery. No
patient had disease of the right coronary artery limited to
the distal portion. Isolated left coronary artery disease was
found in 25 patients, including 24 with disease of the left
anterior descending artery and 4 with disease of the left
circumflex branch. Twenty patients had both right and left
coronary artery disease.
Exercise protocol. Patients were exercised in the supine
position using a bicycle ergometer (5). Heart rate, blood
pressure and a 12 lead electrocardiogram were recorded
during the baseline period and at each minute of exercise.
The initial work load was 25 watts (150 kpm/min). This
was increased by increments of 25 watts every 3 minutes
until fatigue or severe chest pain developed. An ischemic
electrocardiographic response was defined as horizontal or
down-sloping ST segment depression of at least I mm at
80 ms from the J point.
Radionuclide data acquisition. Multigated equilibrium
blood pool cardiac imaging was performed within I week
of coronary angiography in all patients using technetium-
99m in vivo labeled red blood cells (7). Immediately before
exercise, 14 frame multigated cardiac imaging was acquired
in the anterior projection and in the left anterior oblique
projection that best visualized the interventricular septum,
without caudal tilt. An Anger gamma scintillation camera
(Picker Dynacamera, Picker Corporation) or Ohio Nuclear
120 (Technicare Corporation) equipped with a medium res-
olution parallel hole collimator and interfaced with an im-
aging computer (MUGA-CART, Medical Data Systems)
was used for image acquisition. Collections of 2 minutes'
duration were obtained at rest in each patient and at least
150,000 counts were acquired in each frame. Left anterior
oblique multigated collections also of 2 minutes' duration
were then acquired at each work level during the exercise
study.
Radionuclide data analysis. Ejection fraction. Right
ventricular ejection fraction was calculated from multigated
equilibrium cardiac studies using the method validated by
Maddahi et al. (8). In end-diastolic and end-systolic right
ventricular regions of interest on the left anterior oblique
view were created using a light pen. Displaying the gated
collection in an endless loop cine format, the right ventric-
ular-pulmonary artery junction was chosen as the border
CAD
(n = 54)
53 ± 8
41113
41 (76%)
4 (7%)
105 ± 21
164 ± 28
36 (66%)
48 ± 6
5/5
2 (20%)
o
No CAD
(n = 10)
120 ± 34
185 ± 26
o
Table 1. Patient Characteristics and Exercise Data*
Age (yr)
Sex (male/female)
Propranolol usage
Inferior MI
Exercise data
Maximal HR (per min)
Maximal systolic BP (mm Hg)
ST depression
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between contracting and noncontracting regions of the pul-
monary outflow tract. A para-left ventricular background
region of interest was chosen, 3 to 5 picture elements wide,
separated by one picture element from left ventricular ac-
tivity. Right ventricular ejection fraction was calculated as
background-corrected end-diastolic counts minus end-sys-
tolic counts divided by end-diastolic counts. Left ventricular
ejection fraction was similarly calculated using light pen-
assigned end-diastolic and end-systolic regions of interest
and the same background area. A normal left ventricular
ejection fraction or right ventricular ejection fraction re-
sponse to exercise was considered an increase of 5% or
more above the rest value (9).
Pulmonary blood volume ratio. This ratio was deter-
mined using the method previously described by Okada
et al. (5). Pulmonary regions of interest were assigned by
light pen on rest and peak exercise left anterior oblique end-
diastolic frames just lateral to the descending aorta. The
minimal number of counts sampled in the region of interest
was 1,800 in this study. Differences in acquisition times
between rest and exercise images were corrected by dividing
the counts in the region of interest by the acquisition time
of each frame (cycles samples x frame interval). The pul-
monary blood volume ratio was determined by dividing the
pulmonary counts at peak exercise by the counts obtained
at rest. Thus, a ratio of greater than 1.0 corresponded to a
rise in pulmonary blood volume during exercise while a
ratio of less than 1.0 corresponded to a decrease with ex-
ercise. A previous study (5) determined that a pulmonary
blood volume ratio of greater than 1.06 is abnormal.
Statistical analysis. Comparison between rest and ex-
ercise right ventricular ejection fraction and left ventricular
ejection fraction was made using a paired t test. Comparison
between frequency of patient characteristics was made using
the estimated variance of a proportion or chi-square analysis.
Values were expressed as a mean ± 1 standard deviation.
Results
Table 2. Right Ventricular Ejection Fraction Response to
Exercise Compared With Pulmonary Blood Volume Ratio,
Response and Coronary Anatomy
RVEF Response to Exercise
Left Ventricular Normal* Abnormal
Ejection Fraction (n = 31) (n = 33)
PBV ratio
Normal 25 4
Elevated 6 29
LYEF response
Increase 13 7
No change IS 16
Decrease I 12
Coronary artery disease
None 10 0
LCA only 14 II
RCA only 3 6
RCA + LCA 2 18
*Normal = increase in RVEF of 2: 5%. LCA = left coronary artery;
LYEF = left ventricular ejection fraction; PBV = pulmonary blood vol-
ume; RCA = right coronary artery; RVEF = right ventricular ejection
fraction.
was normal (25 [86%] of 29 patients) than when pulmonary
blood volume was elevated (6 [17%] of 35 patients, p <
0.001).
Patients with a normal left ventricular ejection fraction
response (increase 2: 5%) demonstrated an increase in right
ventricular ejection fraction from 48 ± 5% at rest to 51 ±
10% at peak exercise, but this was not statistically significant
(p = 0.05) (Fig. 2). Patients with no substantial change
« 5%) in left ventricular ejection fraction during exercise
had no change in right ventricular ejection fraction (rest
48 ± 5%, exercise 49 ± 9%). However, patients with a
decrease (2: 5%) in left ventricular ejection fraction with
exercise had a decrease in right ventricular ejection fraction
from 49 ± 6% at rest to 41 ± 10% at peak exercise (p <
0.005). There was a significant correlation between changes
Figure 1. Relation of right ventricular ejection fraction (RVEF)
response to pulmonary blood volume (PBV) changes from rest (R)
to exercise (E); p = probability.
ELEVATED PBV RATIO
Relation of right ventricular ejection fraction exercise
response to pulmonary blood volume ratio and left ven-
tricular ejection fraction response to exercise (Figs. 1
and 2). Patients with a normal pulmonary blood volume
ratio showed an increase in mean right ventricular ejection
fraction from 48 ± 5% at rest to 54 ± 6% at peak exercise
(probability [p] < 0.0001), while patients with an elevated
pulmonary blood volume ratio had a significant decrease in
right ventricular ejection fraction from 48 ± 5% at rest to
42 ± 9% at peak exercise (p < 0.001) (Fig. 1). There was
a significant negative correlation between changes in right
ventricular ejection fraction during exercise and pulmonary
blood volume ratio (r = -0.71, P < 0.001). Table 2 shows
that a normal right ventricular ejection fraction response to
exercise was more common when pUlmonary blood volume
30
20 R
p< 00001
E R E
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Figure 2. Relation of right ventricular ejection fraction (RVEF)
response to left ventricular ejection fraction (LVEF) response dur-
ing exercise. NS = not significant. Other abbreviations as before.
in right and left ventricular ejection fraction with exercise
(r = 0.47, P < 0.05). Table 2 shows that a normal right
ventricular ejection fraction response was more common in
patients with a normal increase in left ventricular ejection
fraction (13 [65%] of 20 patients) than in patients with a
decrease in left ventricular ejection fraction during exercise
(I [8%] of 13 patients, p < 0.001). However, the frequency
of a normal right ventricular response was not different in
patients with a normal increase in left ventricular ejection
fraction response compared with patients with no change
(15 [48%] of 31 patients) in this variable.
There was no significant difference in age, sex distri-
bution, previous infarction, propranolol usage, peak exer-
cise heart rate, peak exercise systolic blood pressure, ex-
ercise-induced ST depression or right ventricular ejection
fraction at rest among patients grouped by pulmonary blood
volume ratio or left ventricular ejection fraction response to
exercise.
Relation of right ventricular ejection fraction exercise
response to presence and site of coronary artery disease
(Fig. 3). Right ventricular ejection fraction increased in
normal patients (from 49 ± 4% at rest to 58 ± 5% at peak
exercise, p < 0.(01) and in patients with isolated left
coronary artery disease (from 47 ± 5% to 52 ± 6%, P <
0.00 I). It was unchanged in patients with isolated right
LVEF NO CHANGE coronary artery disease (rest 49 ± 3%, exercise 47 ± 7%),
and decreased in patients with both right and left coronary
disease (rest 48 ± 6%, exercise 39 ± 10%, P < 0.001).
Table 2 shows that an abnormal right ventricular ejection
fraction response was more common in patients with com-
bined right and left coronary disease (18 [90%] of 20 pa-
tients) than in patients with normal coronary arteries (0 of
10 patients, p < 0.(01) or with isolated left coronary disease
(II [44%] of 25 patients, p < 0.01). Furthermore, an ab-
normal right ventricular ejection fraction was more common
in patients with isolated left coronary disease than in normal
patients (p < 0.01).
There was no significant difference in age, sex distri-
bution, previous infarction, use of propranolol, peak ex-
ercise heart rate, peak exercise systolic blood pressure, ex-
ercise-induced ST depression or right ventricular ejection
fraction at rest among patients with normal, isolated right,
isolated left or combined right and left coronary disease.
Combined influence of pulmonary blood volume ratio
and coronary disease on right ventricular ejection frac-
tion exercise response (Fig. 4). An elevated pulmonary
blood volume ratio occurred less frequently in patients with
isolated right coronary disease (2 [22%] of 9 patients) than
in patients with isolated left coronary disease (15 [60%] of
25 patients, p < 0.05) or combined right and left coronary
disease (16 (80%] of 20 patients, p < 0.(01). Because an
increased pulmonary blood volume ratio was found to be
associated with an abnormal right ventricular ejection frac-
tion response (Fig. I), the relation of coronary disease to
right ventricular ejection fraction response to exercise was
examined after patients were classified according to pul-
monary blood volume ratio (Fig. 4).
Among 21 patients with normal pulmonary blood volume
ratio (s; 1.06), patients with isolated left coronary disease
had a significant increase in right ventricular ejection frac-
tion from 45 ± 6% at rest to 54 ± 7% at peak exercise (p
< 0.(01). This increase did not differ from the increase
observed in patients without coronary disease (49 ± 4% to
58 ± 5%). However, right ventricular ejection fraction
showed no significant change from rest to exercise in pa-
tients with isolated right coronary disease (rest 48 ± 3%,
1
R
1
E
1
R
I
E
LCA DISEASE ONLY RCA DISEASE ONLY RCA +LCA DISEASE
70
30
20 R
NORMAL
p<,001
E R
P< .001
E R
NS
E R E
Figure 3. Relation of right ventricular ejec-
tion fraction (RVEF) response during exer-
cise to left (LCA) or right (RCA) coronary
artery disease, alone or in combination. Ab-
breviations as before.
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CORONARY ARTERY ANATOMY
Figure 4. Combined influence of
coronary artery anatomy and pulmo-
nary blood volume (PBV) response to
exercise on right ventricular ejection
fraction (RVEF) reserve. Abbrevia-
tions as before.
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exercise 49 ± 4%) and in patients with combined right and
left coronary disease (rest 50 ± 5%, exercise 52 ± 7%).
Among 33 patients with an elevated pulmonary blood
volume ratio (> J.06), patients with isolated left coronary
disease demonstrated no significant difference in rest and
exercise right ventricular ejection fraction (rest 49 ± 4%,
exercise 50 ± 5%). However, a decrease in this variable
during exercise was found in patients with isolated right
coronary disease (rest 50 ± 3%, exercise 38 ± 4%) and
in patients with combined right and left coronary disease
(rest 49 ± 6%, exercise 35 ± 7%, p < 0.001).
Discussion
Radionuclide angiography, using either equilibrium (2,8)
or first pass (10, II) techniques, has been shown to be a
reproducible method for evaluating right ventricular systolic
function (ejection fraction) at rest and during exercise. Nor-
mal subjects demonstrate an increase in right ventricular
ejection fraction during supine or upright exercise, while
patients with coronary artery disease frequently have no
change or develop a decrease in right ventricular ejection
fraction. Reports by Maddahi et al. (3) using equilibrium
radionuclide cineangiography and by Johnson et al. ( I) using
first pass studies suggested that the impaired right ventricular
ejection fraction response to exercise in patients with coro-
nary disease was primarily related to stenosis within the
right coronary artery. However, Berger et al. (4) reported
that abnormal right ventricular reserve during exercise was
more closely related to an abnormal left ventricular ejection
fraction response to exercise. They proposed that increased
right ventricular afterload, caused by exercise-induced in-
creases in left ventricular end-diastolic and pulmonary artery
pressures, resulted in the impaired right ventricular ejection
fraction response.
Coinfluence of right ventricular afterload and right
coronary artery disease. Our study suggests that both right
ventricular afterload, reflected in pulmonary blood volume
ratio, which correlates with exercise-induced changes in
pulmonary capillary wedge pressure, as well as proximal
right coronary disease, play an important role in determining
right ventricular response to exercise. Patients with an el-
evated pulmonary blood volume ratio demonstrated a sig-
nificant decrease in right ventricular ejection fraction during
exercise, while patients with a normal pulmonary blood
volume ratio had a significant increase. Furthermore, right
ventricular ejection fraction did not change with exercise in
patients with isolated right coronary disease, decreased in
patients with combined right and left coronary disease and
increased in patients with normal coronary arteries and in
patients with isolated left coronary disease. The coinfluence
of coronary anatomy and exercise-induced changes in pul-
monary blood volume was apparent when patients were
classified by pulmonary blood volume ratio. Among patients
with a normal pulmonary blood volume ratio, isolated left
coronary disease was associated with an increase in right
ventricular ejection fraction during exercise similar to that
of control patients, while patients with proximal right coro-
nary disease showed a flat response with no significant in-
crease during exercise. Among patients with an elevated
pulmonary blood volume ratio, isolated left coronary disease
was associated with no significant change while proximal
right coronary disease was associated with a significant de-
crease in right ventricular ejection fraction during exercise.
Thus, it appears that not only do both proximal right
coronary disease and exercise-induced increases in right
ventricular afterload (as manifested by an elevated pulmo-
900 BROWN ET AL.
RIGHT VENTRICULAR FUNCTION
lACC Vol. 3. No.4
April 1984:895-901
nary blood volume ratio) influence right ventricular ejection
fraction response to exercise, but the effects are additive.
This additive effect may explain the poorer right ventricular
ejection fraction response in patients with combined right
and left coronary disease compared with patients with iso-
lated right coronary disease alone, because an elevated pul-
monary blood volume ratio was far more common among
patients with combined disease (80%) than in those with
isolated right coronary disease (22%).
There is experimental supporting evidence that both
coronary blood supply and afterload affect right ventricular
function. Brooks et al. (12), using a canine model, showed
that either right coronary artery occlusion or incremental
pulmonary artery obstruction alone resulted in a decrease
in right ventricular contractile function. Furthermore, the
same degree of pulmonary artery obstruction resulted in a
significantly greater degree of right ventricular dysfunction
in the presence than in the absence of right coronary artery
occlusion.
Correlation with left ventricular ejection fraction re-
sponse. In the present study, the left ventricular ejection
fraction response to exercise did not appear to correlate as
well as pulmonary blood volume ratio with the right ven-
tricular ejection fraction response to exercise. The right
ventricular ejection fraction response to exercise was not
significantly different between patients with a normal in-
crease or no change in left ventricular ejection fraction dur-
ing exercise. Because pulmonary capillary wedge pressure
may increase during exercise despite a normal left ventric-
ular ejection fraction response or may be normal despite an
abnormal left ventricular ejection fraction response (6),
changes in left ventricular ejection fraction during exercise
may not alway accurately reflect changes in right ventricular
afterload. The pulmonary blood volume ratio has been shown
to more closely reflect increases in pulmonary capillary wedge
pressure during exercise (6). Nevertheless, it is possible that
left ventricular dysfunction can impair right ventricular
function independently of increases in right ventricular af-
terload. Exercise-induced left ventricular dilation can lead
to bulging of the septum toward the right ventricle, possibly
impeding right ventricular filling and ejection fraction.
Limitations of the current study. In this study, it was
assumed that increased pulmonary blood volume reflected
an increased right ventricular afterload. Although impaired
drainage of the pulmonary capillary bed is one of several
factors that may alter right ventricular afterload, it seems
reasonable to conclude that increased pulmonary capillary
wedge pressure (6) will reflect an increased afterload of
the right ventricle. Although relatively small regions of in-
terest are chosen for pulmonary blood activity and the in-
fluence of patient motion and respiration during exercise
may contribute to some error involving measuring pulmo-
nary blood volume ratio, in our experience the inter- and
intraobserver variance of this measurement is acceptably
low and the correlation with changes in pulmonary capillary
wedge pressure is very consistent (6).
We used the method of Maddahi et al. (9) for measuring
right ventricular ejection fraction. Although using a variable
region of interest may minimize error introduced by overlap
from right atrial activity, the contribution of error from
hepatic activity and choosing the correct right ventricle-
pulmonary artery border is unclear.
Our study examined pulmonary blood volume, right ven-
tricular ejection fraction and left ventricular ejection fraction
changes during supine exercise. The relations demonstrated
may be different for upright exercise.
Conclusions. Right ventricular ejection fraction re-
sponse to exercise appears to be influenced by both right
ventricular blood supply (determined by the patency of the
proximal right coronary artery) and by exercise-induced
changes in right ventricular afterload (reflected in changes
in pulmonary blood volume). Compromise of blood supply
or an increase in afterload alone results in moderate reduc-
tion of right ventricular function, while the combination of
both appears to result in more severe right ventricular
impairment.
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